-
Infineon

Andreas Steinbach

Infineon
Technologies
Dresden

Dresden - Germany

14.04.2004
Page 1

5th European
AEC/APC 2004

Implementation of
in-situ Measurement Techniques
for Plasma Processing

Andreas Steinbach

Memory Development Center — Development Logistics
Infineon Technologies Dresden
andreas.steinbach@infineon.com

The work for this paper was supported by the EFRE fund of the European Community and by
funding of the State of Saxony of the Federal Republic of Germany, project SENSOR, project
number 7700 and 7701. The authors are responsible for the content of the paper.


mailto:andreas.steinbach@infineon.com
mailto:andreas.steinbach@infineon.com

-
Infineon

- Acknowledgement

a | am very thankful to my colleagues for their support:

> Sven Barth
Thomas Kunzelmann et. al.
Alfred Kersch et. al.
Eyck Schwarz et. al.
Infineon Technologies Dresden, Germany

> Roger Michael Wolf
University of Applied Sciences Dresden, Germany

> Marco Reinicke
University of Technology Dresden, Germany

Andreas Steinbach

Infineon
Technologies
Dresden

Dresden - Germany

14.04.2004
Page 2

Acknow-
ledgement



o
Infineon

Outline

0 Examples of in-situ Measurement Techniques
to improve Plasma Process Control

> RF Voltage and power measurement
> Wafer temperature measurement
> Plasma parameter measurement by SEERS

0 Implementation of in-situ measurement techniques into high volume
production

a Application of in-situ measurement techniques into high volume
production

0o Correlation of tool, process and product parameters
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- Plasma Processing

Chamber < Toolbox

Plasma < Tool:
non-equilibrium
non-linear

Plasma Parameter

Transport processes:
non-linear

Reactions on wafer:
non-equilibrium chemistry

Andreas Steinbach

?;Tﬁ,?;ogies @ RF Voltage & Power
Dresden —
Dresden - Germany . o "
0 Needed: Sufficient measurement and control of surface conditions on
14.04.2004 product wafers in real time. - This is not possible.
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. First Method:
%% RF Voltage and Power Measurement

0 Improvement of RF power
measurement:
> Standard method: at generator

output Ugenerator ;
> Now available: at matchbox output

» Needed: at plasma U 35m,

Ugenerator Uplasma
Anldreas Steinbach \ Lfeedthrough R \
Infineon Voltage —M\—E
Technologies Current
Dresden
Dresden - Germany 50Q
Matchbox c -1 Plasma
14.04.2004 feedthrough

Page 5

RF voltage
and power




o Resonance Impact on RF Voltage and Power
nrineon
~_ Measurement

Voltage ratio vs. ferquency

10 10
U plasma(z'n'f)
U matchbox 0
-10
=10
1 10 100
oy f 100,
MHz
Andreas Steinbach
Infineon Uy, ((D) = U matchb 1
Technologies plasma matchbox

Dresden 1= ® -C feedthrough * L feedthrough
Dresden - Germany

IS a Significant difference between U
Page 0 chamber resonance frequency

RF voltage
and power

and U around and above

plasma matchbox
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RF voltage
and power

RF Power Measurement at R

Application on Chamber Matching

F Matchbox Output:

=» Poster P511

RF power vs. date
P o Generator output
1660 - s MR power: 1800W
S o Mﬁ& o Power loss depends
g on chamber
(o]
|.|Q_- 1620 - "0'; o 0%
14 ° ° e a0 ¥ o " o®
: 1 Oy 3 H "30:
1600 -“ :
1580 | | | | | Chamber A
Date g7 22.7 5.8 19.8 2.9 16.9 Chamber B
a Drift of power at RF RF power vs. date
matchbox output 1660 - . . .
. . ..“. .. ..
O Estimated root causg. RF 2 -y " S
matchbox thermal drift s —
8— 1620 -
o . .
1600 { 'y . )
1580 - T T T ‘ ‘
Date 1838 19.8 19.8 19.8 19.8 19.8 20.8
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Wafer e
temperature

Wafer Temperature Measurement

»»»»»»»»

]

0 Real time in- situ measurement
| 0 Directly on wafer surface

O By use of special measurement wafers




i
Infineon

hnologies

Andreas Steinbach

Infineon
Technologies
Dresden

Dresden - Germany

14.04.2004
Page 9

Wafer
temperature

Application Example: Impact of Rotating B- Field

on Wafer Surface Temperature

=»Poster P513

temperature [°C]

Temperature vs. Processtime
75

74 |

73 -

72

60 62 64 66 68 70 72 74
processtime [s]

76

78

80

Time resolved local wafer surface
temperature measurement
demonstrates impact of rotating B-
Field

Details on poster P513

200m;n OnWafer
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o Application Example: Improvement of

Wafer Temperature Control Poster P505
Q Temperature control:
» Temperature measurement at Plasma

pedestal

> Temperature control of cooling
liquid at control unit

a Improvement:

> Simulation of thermal flow,
details on poster P505

> Wafer surface temperature
measurement by test wafer is
Andreas Steinbach used for model calibration

Infineon > —> Model based adjustment of

Technologies

Dresden control unit temperature

Dresden - Germany
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Wafer
temperature

[]

L]

TPedestaI

TCathode

T Control unit




— Third Method:

Infineon
= SEERS Plasma Parameter Measurement
il 0 up to 500 MHz
RF current —! | Pp | S
2 voltage s [ 0 Passive measuremen
g i~ no impact on process
measurement 1
| a FFT up to 30th harmonics
calculation capacitive dark space
Model SEERS RF current sensg Q Calculation of mean values
at chambery ~
Andreas Steinbach ™) e 1
!I[](:I:r?noglogies 0 Electron Collision Rate [s™]
gresje" - =>» Plasma Chemistry
R Blasis 0 Electron Density [cm3]
14.04.2004 parameters =>» Plasma Density
Page 11 0 Sheath Thickness
Plasma =>» Plasma Stability

parameter



o Application Example: Gas Composition Monitoring by

Infineon -
~~==_ Electron Collision Rate v, and Load Impedance
El. Col. Rate and Impedance vs. process time HBr 10scem
23,5 for 5s >
1,4E+08 1 \ Load impedance:
= 1,2E+08 | E | change by factor
2. 1,0E+08 |20 103
S 81E+07 - T 8 Electron collision
3 6E+07 forr55 scem | 2y §  rate: change by
T 4,1E+07 - w g factor 10
2,1E+07
1,0E+06 ‘ ‘ ‘ ‘ - 22,0
time[s] 40 50 60 70 80 90
Andreas Steinbach Simplified equation of electron collision rate:
Infi
'Ir'](::rfno;ogies . ign
Dresden B- Field Pressure Gas temperature Gas composition

Dresden - Germany

14.04.2004 =
Page 12 Ve
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Outline

o Examples of in-situ Measurement Techniques
to improve Plasma Process Control

> RF Voltage and power measurement
> Wafer temperature measurement
> Plasma parameter measurement by SEERS

0 Implementation of in-situ measurement techniques into high
volume production

a Application of in-situ measurement techniques into high volume
production

0o Correlation of tool, process and product parameters
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Implemen-
tation

Basic Implementation Requirements

0 Reliable data acquisition:

> Measurement systems need logistic data in real time:
Lot name, wafer number, recipe, step

> Merging of in-situ measurement results with tool parameters, inline
measurements, tool test results, product parameters and other data

> Reliably and automatically

0 -2 Requirements to etch tool suppliers:
> Flexible and open architecture
> Implementation of standard interfaces
> Plug & play solutions for optional measurement systems

0 —> Requirements to measurement equipment suppliers:
> Implementation of standard interfaces
> User friendly = automatic data handling



- Example of Logistic Data Reliability in High Volume
“"_ Production

Plasma parameter assignment to logistic data per week Logistic data reliability
180 of an in- situ

160 - measurement system
140 A in comparison to tool

120 - data reliability
2 100 |

80 -
60 -
40 -
20 -
0 | | | | | | | | | | | |
week 24 26 28 30 32 34 36 38 40 42 44 46 48 50

Wafer ratio [%]

0 Root cause of reliability problem of in- situ measurement system:

Andreas Steinbach > Low priority of logistic data interface at mainframe - data loss
Infineon . .
Technologies > Etch tool data interface could not be improved
Dresden e e - .
Dresden - Germany > —> Reliability improvement by software modifications of measurement
system
14.04.2004
Page 15
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o Examples of in-situ Measurement Techniques
to improve Plasma Process Control

> RF Voltage and power measurement
> Wafer temperature measurement
> Plasma parameter measurement by SEERS

0 Implementation of in-situ measurement techniques into high volume
production

0 Application of in-situ measurement techniques into high volume
production

0o Correlation of tool, process and product parameters
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In-situ Measurement in High Volume Production
Example: Electron Collision Rate and Plasma Density

o

Infineon
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237.100
wafers !
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Application
in production

B. Collision Rate [mean] w=. Dae

Mainframe 1

Eledtron density [mean] ws. Date
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. Electron Density - a Key Indicator of Process Conditions
“"%"_ in Plasma with Physical Meaning

Electron density vs. Date [mean]

9,0E+08

.3]

\ e 02-A © 02-B ¢ 02-C o 02-D

7,0E+08

5,0E+08 1|/

el. density mean [cm

3,0E+08 T ! T T T T T T
Date 10.1.03 1.3.03 20.4.03 9.6.03 29.7.03 17.9.03 6.11.03 26.12.03

0 Electron density indicates superimposition of long term and short term

e Setect impacts on process conditions
poonoodes o Summary of many impacts on process conditions in one parameter -
Dresden - Germany Use as indicator

14.04.2004 o Parameter with physical unit and therefore with technological

Page 18 relevance = Use of engineering knowledge for root cause analysis

Application in possible
production
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Examples of Simple Numerical Analysis:
Exponential Function Fit and Numerical Differentiation

=»Poster P106

Andreas Steinbach

Infineon
Technologies
Dresden

Dresden - Germany

14.04.2004
Page 19

Application in
production

.= -1
Electron collision rate [s ]

3,2x10° .

Electron collision rate vs. RF hours

Data: Data1_B
Model: e-asymptotisch1
8 _| Equation: a-(b*(exp(-x/c)))
3,0x10 | Weighting:
y No weighting
2,8x10° * Chi"2/DoF  =1.4172E14
4 R*2 = 0.83339
. 193138954.40378 +886178.63222
2,6x10 b -129197502.74956 +3543833.42046
2 4x10 30.52214 +1.33681
X .
2,2x10°
2,0x10°
1,8x10°
1,6x10°
1,4x10°
1,2x10° T " T T T
0 50 100 150 200

RF hours [h]

a-b
y=a-bexp(-x/c)

a-b = initial value
a - final value
b/c = initial slope

El. Col. Rate * El. Dens. and Deviation vs. RFh

5,E+17 1,0E+17
[ ]
; o
o — 4E+17 T 5,0E+16 7,
” 2
*w ? £
® £ S,
O 3,E+17 4 * 0,0E+00
- o o
3§ . 5
: O ) ez : W gl e 5.0E+16 O
— » L4 3 T =
- Pﬂﬁsfl"ﬁh e
1,E+17 ~ T T T T -1,0E+17
RFh [h] 0 50 100 150 200

a Exponential function fit:

> Classification of parameter
drift after chamber cleans by

3 coefficients

> Parameter c: indicates
reconditioning time constant

in RFh

0 Numerical differentiation:
—> Separation of long term drift
and short term parameter

variation
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Application Example of simple numeric Algorithm:
Wet Clean Classification by Plasma Parameters
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Application in
production

Fit coefficient ¢ of El. col. rate vs. date
1200 a-b
i H HP Chamber |
1000 | |Fit coefficient calculated for 0 ... 50 RFh S y=a-bexp(-x/c)
800 1 Chamber Il
: 600 - ¢ Chamber IV
g " chambar 8
% 0 - witen . # MQAR'A An®u ¥ oA :‘0 AAM'_\A - g::zs::\\;:l = b-a
8 -200 1 A Chamber IX b c
-400 - Chamber X
Y EON e
-800 ‘ ‘ ‘ ‘ — g
date 13.1 4.3\ 23.4 12.6 1.8 o
Plasma parameter vs. RFh
4,0E+8 - 6,0E+8
, 35648 |, 0 R . Fit algorithm detected [ >°F® —
Early and automatic " 3".% fu33¢ | abnormal electron [ Si0B+8 7
detection of 2 o % ¥ | collision rate drift after TasEs &
uniformity problem by | = 25%¢ - S0RFh AR
. . o i 4
application of Y Ch.a\mbe.r opening due Fo 3,5E+8 8
tial fit w uniformity problem by ion | | 3 og+s =
exponential fit on 1,56+8 shield ring after 0ORFh | |
plasma parameters ’
1,0E+8 \ \ \ \ 2,0E+8
RFh[h] 0 50 100 150 200
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— Example of Fault Detection and Root Cause Analysis by
a Physical Key Parameter: Arcing

=» Poster P609

0 Plasma parameter mean values
indicate abnormal process
conditions > Raw data analysis

a Root cause analysis by:

Andreas Steinbach

Infineon > Raw data analysis
s = > Physical meaning of key
Dresden - Germany parameter electron collision rate
> Engineering experience
Tbage 2l > Analysis of additional

T measurements, e.g., tool
Appllcat_lon in parameters
production

Electron collision rate vs. wafer Electron collision rate vs. process time
T ——
4,1E+08 1 * . \ 6,E+08 - ——no arcing
o~ ArC|ng E\ ——arcing
- = 5E+08
£, 3,1E+08 A - -
2 1 2 4,£+08
= s
S 21E+08 | Sty | | S 3E408 Weonabay A
(%)
=° % 2,E+08
© 1,1E+08 - int - 2
2 one point 3 .., onecurve-
1,0E+07 T T T 0,E+00 . T T T T
Wafer 0 50 100 150 200 | |time[s] o 50 100 150 | 200 250 300 350 400

el. collision rate [s-1]

time [s]

3,5E+08
']

W

W\

3,0E+08 '

2,5E+08 -

Electron collision rate vs. process time

] T 6,0E+08

1' )
]
LA
f & " '-7 5,5E+08

—a—no arcing
—e—arcing
‘

q|
A

T T T 5,0E+08
180 190 200 210 220 230 240

el. collision rate [s-1]
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o Examples of in-situ Measurement Techniques
to improve Plasma Process Control

> RF Voltage and power measurement
> Wafer temperature measurement
> Plasma parameter measurement by SEERS

0 Implementation of in-situ measurement techniques into high volume
production

a Application of in-situ measurement techniques into high volume
production

0o Correlation of tool, process and product parameters
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Correlation




Example of Simple Correlations of Tool, Process and

.
Infi
Clfineon— product Parameters

E-chuck current vs. EL col. rate * el. density Electron collision rate vs. Deep trench capacity
3,4E+08
— 250 - .
< —
= &, 3,2E+08 -
£ 200 | £
:t, § 3,0E+08 -
O 150 - @
$ 3
S 8 2,8E+08 -
S 100 - S
w & 2,6E+08
50 : : : : -
5E+16 1E+17 1,5E+17 2E+17 2,5E+17 2,4E+08
El col. rate * el. density [cm'3s'1] Deep trench capacity
Throttle Valve Counts vs. El. col. rate * el. density Electron colision rate vs. Yield at wafer edge
93 3,5E+08
0 | .. o . *
= “o 3,3E+08 - o ?* ¢
= 91 - — .0 *
8 £ . * :.{0
2 90 - S 3,1E+08 - . we e e
2 g 020 *
i - * L)
g 8 2 29E+08 - TR P o oi'® Sl DRI
o 88 8 R so 3 "2 2 ER, S Y
b= o0 o * N ? o & ¢
‘é 87 E 2,7E+08 - 2 2 o oo‘ > 3..':.’0 . e
. . e -3 @, * *
Andreas Steinbach £ 86 RSN 8 XA St P L .
wm 2,5E+08 - PR '0 .
Infineon 85 w w w w R
Technologies 5E+16 1E+17 1,5E+17 2E+17 2,5E+17 2,3E+08
Dresden El. col. rate * el. density [cm'3s'1] Yield

Dresden - Germany

0 Simple correlation analysis detects only direct parameter interaction.

14.04.2004 o No significant correlation =
Page 23

> Tool parameters have no direct impact on process conditions = stable enough
Correlation > Process parameters have no direct impact product parameters = stable enough




."’:
Infineon
technologies

Andreas Steinbach

Infineon
Technologies
Dresden

Dresden - Germany

14.04.2004
Page 24

Correlation

The Meaning of Correlations —
How to Control Process Stability ?

 Evos Electron collision rate vs. Date [mean]

Product 1 Product 2

— 15t Leak 2"d | eak 15t Leak: noloss 38 lots

&, BT down grade
(]

5 2"d | eak: noloss 4 lots scrap
c 7.E+07 -

o

I

S  sE07-

c

= Leak test >

o

8 omor S@gmeg  |Tool down

1.E+07 ‘ ‘ ‘
date 23.7 7.8 12.8 17.8

0 Impact of tool and process conditions on product depend on product
itself ! = How to control process stability ?

o 1ststrategy: According to current product needs:

> Advantage: Minimize current process control efforts

> Disadvantage: Delay to fix current risk, avoidable risk for future products not fixed
0 2" strategy: According to best known methods:

> Advantage: Prepared for future products

> Disadvantage: Possibly process control over engineering
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Summary

0 Plasma processing is characterized by nonlinear high dimensional
interactions in a non- equilibrium system. Product wafer surface
conditions can not be measured and controlled directly.

0 In- situ measurement techniques, e.g., measurement of RF power,
plasma parameters and wafer surface temperature on test wafers
reduce this lack of measurements to some extent.

0 Implementation in high volume production requires reliable and
automatic data handling.

0 Use of process condition key parameters together with simple
numerical analysis, e.g., exponential function fit and numerical

Andreas Steinbach differentiation is a simple step for process control improvement.
Infineon . . .
s o Two main strategies for unit process control:
resaen
Dresden - Germany > 1. Control of process conditions related to result of current product

14.04.2004 > 2. Application of best known methods for process stability and chamber
Page 25 matching
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